A synthetic heme possessing immobilized fluorine atoms as peripheral side chains has been incorporated into the apoprotein of sperm whale myoglobin (Mb), and the field dependence of the line width of 19 F NMR signals observed for the protein with S values ranging from 0 to 5/2 was analyzed in order to gain a quantitative insight into the 19 F transverse relaxation mechanism in Mb with various magnetic properties. In the cases of deoxy (S ¼ 2) and met-aquo (S ¼ 5/2) Mbs, the significant contribution of Curie spin relaxation to the 19 F transverse relaxation was demonstrated and analysis of the Curie spin relaxation was useful to estimate the overall correlation time of the protein.
INTRODUCTION
The analysis of nuclear relaxation has provided a wealth of information about structural and dynamic properties of molecules. In particular, in the case of metalloproteins carrying unpaired electron(s), the dynamic nature of a molecule is sharply manifested in paramagnetic relaxation observed on paramagnetically shifted nuclear magnetic resonance (NMR) signals. [1] [2] [3] [4] In the present study, we have analyzed the field dependence of the line widths of NMR signals of sperm whale myoglobins (Mbs) with a variety of magnetic properties in order to elucidate field-dependent properties of the paramagnetic relaxation. Mb is an oxygen-binding hemoprotein with a molecular weight of B17 kDa (Figure 1a) , and a single heme (Figure 1b ) is embedded in its protein matrix. The side chain of a His residue is coordinated to the heme iron as an axial ligand, and an exogenous ligand, such as not only the dioxygen molecule (O 2 ), but also a carbon monoxide (CO) or water molecule (H 2 O), and cyanide ion (CN À ) is bound to the iron on the side of the heme opposite the axial His (Figure 1d ). The heme iron in Mb is either in the ferrous or ferric state, and hence, depending upon the degree of spin pairing of electrons in the 3d orbitals, ferrous heme iron can have 4, 2 or 0 unpaired electrons, corresponding to total spin quantum number S ¼ 2, 1 or 0, respectively, and for ferric heme iron S ¼ 5/2, 3/2 or 1/2 with 5, 3 or 1 unpaired electron, respectively. The spin state of Mb depends on the chemical nature of the exogenous ligand. For ferrous heme iron, the deoxy (no ligand) form (deoxyMb) is pentacoordinated with a high-spin configuration, S ¼ 2, and the oxy (MbO 2 ) or carbonmonoxy form (MbCO) possesses a low-spin configuration, S ¼ 0 (Figure 2 ). On the other hand, the coordination of H 2 O to ferric heme iron gives high-spin state S ¼ 5/2 (metMb), low-spin state S ¼ 1/2 being obtained with CN À (MbCN À ) ( Figure 2 ).
By virtue of the absence of interfering background signals, the introduction of fluorine atom(s) into the peripheral side chain(s) of the heme facilitates the observation of their signals in various oxidation, spin and ligation states of the protein. 5-11 19 F is a 100% abundant nucleus with nuclear spin I ¼ 1/2 and, because of a relatively high gyromagnetic ratio, 19 F NMR is B83% as sensitive as 1 H NMR. In addition, because of the wider spectral range for 19 F NMR than 1 H NMR, individual signals will be better resolved on 19 F NMR. 12, 13 A ring-fluorinated heme, 13,17-bis(2-carboxylatoethyl)-3,7-difluoro-2,8,12,18-tetramethyl-porphyrinatoiron(III) (3,7-DF (Figure 1c) ), 5 has been incorporated into Mb, and the field dependence of 19 F NMR signals arising from MbCO (S ¼ 0), MbCN À (S ¼ 1/2), deoxyMb (S ¼ 2) and metMb (S ¼ 5/2) has been analyzed in order to evaluate the 19 F relaxation mechanism in the proteins. Despite considerably large line widths of paramagnetically shifted signals, the high sensitivity and excellent signal resolution of 19 F NMR allowed the observation of well-separated signals in the spectra of all the paramagnetic Mbs examined in the study. Furthermore, as the fluorine atoms introduced to the heme as peripheral side chains are dynamically fixed to the porphyrin ring, detailed analysis of the field dependence of the line widths of the 19 F signals was useful to estimate the correlation time (t r ) of the heme accommodated in the active site of the protein.
The nuclear relaxation rate (R obs ) in a paramagnetic system is expressed as the sum of diamagnetic (R dia ) and paramagnetic (R para ) terms, 1
R dia is written as the sum of the contributions of the dipole-dipole interaction (R DD dia ), chemical shift anisotropy (R CSA dia ), and others (R other dia ),
The contributions of R CSA dia to the nuclear spin-lattice (R 1dia ) and spin-spin (R 2dia ) relaxation rates (R CSA 1dia and R CSA 2dia , respectively) depend on the magnetic field strength and can be written as follows, 14
where d z is associated with the principal components of the chemical shift tensor, Z is the asymmetric parameter of the molecule under consideration, and J(o I ) represents the spectral density function.
On the other hand, R para is expressed as the sum of the contributions of metal-centered (R MC para ) and ligand-centered (R LC para ) dipolar terms, the contact hyperfine interaction (R C para ), and Curie spin relaxation (R Curie para ), 1
Using the Solomon-Bloembergen equations, 15, 16 together with the expression of R Curie para , 17, 18 paramagnetic contributions to the nuclear spin-lattice and spin-spin relaxation rates (R 1para and R 2para , respectively) in a paramagnetic system are expressed by Field-dependent 19 
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where, in the present case, r M and r L are the distance between the F and Fe atoms, and the F-C bond length, respectively, r is the unpaired electron density at the carbon and fluorine atoms at positions 3 and 7 on the porphyrin of 3,7-DF ( Figure 1c ), ð A " h Þ is the apparent hyperfine coupling constant for 19 F, o I and o S are the Larmor frequencies of 19 F and electron, respectively, T 1e and T 2e are the electron longitudinal and transverse relaxation times, respectively, and t ex is the electron exchange time. The other parameters are as usual. In large molecules with highly resolved NMR spectra, T 1e ,T 2e oot r , and at high magnetic field, o 
Equation (14) dictates that R 2para depends on the field strength owing to the contribution of R Curie 2para , the third term on the right-hand side of the equation. The nuclear spin-lattice (R 1 ¼ R 1dia þ R 1para ) and spin-spin (R 2 ¼ R 2dia þ R 2para ) relaxation rates of a paramagnetic Mb are schematically plotted against the square of the applied field strength, o 2 I (Figure 3a) , and a significant effect of R Curie 2para on R 2 is demonstrated in the plots. In this study, analysis of the field dependence of the line widths of the signals allowed us to estimate R Curie 2para , which can be interpreted quantitatively in terms of the t r value.
EXPERIMENTAL PROCEDURES Sample preparation
Mb was purchased as a lyophilized powder from Biozyme and used without further purification. The apoprotein of Mb was prepared at 4 1C according to the procedure of Teale. 21 3,7-DF chloride was synthesized as previously described. 5 Reconstitution of the apoprotein with heme was carried out by the standard procedure. 5, 6 The reconstituted Mb was concentrated to B1 mM in an ultrafiltration cell (Amicon, Merck Millipore, Billerica, MA, USA) and the solvent was exchanged with 90% H 2 O/10% 2 H 2 O. A 10-fold molar excess of potassium cyanide was added to metMb to prepare MbCN À . MbCO was prepared by the injection of CO gas (Japan Air Gases) and the addition of Na 2 S 2 O 4 (Wako Pure Chemical Industries, Ltd., Osaka, Japan). DeoxyMb was prepared from metMb, which had been evacuated and flushed with N 2 gas (Japan air gases) several times, by the addition of Na 2 S 2 O 4 . The pH of the sample is the direct read of a pH meter (Horiba F-22 equipped with a Horiba type 6069-10c electrode). The p 2 H of the sample was adjusted using 0.2 M NaO 2 H or 2 HCl.
F NMR measurements
19 F NMR spectra were recorded on either a Bruker AC-400 P or AVANCE-500 FT-NMR spectrometer operating at a 19 F frequency of 376 (B 0 ¼ 9.4 T) or 471 (B 0 ¼ 11.7 T) MHz, respectively. A typical spectrum consisted of 20 k transients with a 100 kHz spectral width and 8 k data points. The signal-to-noise ratio of the spectrum was improved by apodization, which introduced 20-100 Hz line broadening. The NMR spectra were processed using XWIN-NMR version 3.5 (Bruker BioSpin, Karlsruhe, Germany) and line-shape analysis of the signals was performed using MestRe-c version 4.8. Field-dependent 19 5, 6 As described previously, 5 the observation of two signals in the 19 F NMR spectrum of MbCO (Figure 4 ) was the result of removal of the degeneracy of the magnetic environments of the two fluorine atoms of two-fold symmetric 3,7-DF through a heme-protein interaction. The shifts of the signals were closely related to the S value of the protein. In the spectrum of paramagnetic MbCN À (Figure 4) , the 3-and 7-F signals were downfield-shifted by 54.7 and 21.2 p.p.m., respectively, relative to the corresponding ones of MbCO, at 25 1C, and the signals of deoxyMb and metMb were downfield-shifted to4200 and4300 p.p.m., respectively, relative to those of MbCO. On the other hand, the separation values of the two signals of MbCO, MbCN À , deoxyMb, and metMb at 25 1C were 2.4, 31.1, 18.5 and 33.9 p.p.m., respectively. The relatively large separation for the MbCN À signals is due to its large in-plane asymmetry in the heme electronic structure. Furthermore, the non-equivalence of the line widths between the 3-and 7-F signals of each Mb is predominantly due to the difference in the contribution of the contact interaction to spin-spin relaxation rate. 20 The line widths of the signals (Dn obs 1/2 ) ranged from B100 Hz for MbCO with S ¼ 0 to44000 Hz for metMb with S ¼ 5/2. The considerable broadening of the signals with increasing S value demonstrated the significant contributions of the paramagnetic relaxation mechanisms to the R 2 value (Figure 4) . The line widths of the signals at 9.4 T were compared with those of the corresponding signals at 11.7 T (Table 1) . For all the signals observed, the line widths at the higher field strength were larger than those at the lower field strength. In addition, the difference in the line width between the signals recorded at two different field strengths increased with increasing S value, indicating the significant contributions of the R Curie para values to the R 2 values of the signals. In the case of diamagnetic MbCO, the increase in the line width of the signals observed at higher magnetic field is attributed solely to the R CSA 2dia contribution. As shown in Table 2 , the differences in the R (Table 1) indicated that the latter contribution is much larger than the former. Assuming that the R CSA 2dia contribution is independent of the oxidation, ligation and spin state of Mb, the R Curie 2para value of deoxyMb could be estimated using the data obtained for MbCO, as summarized in Table 3 . As shown in Table 3 , the R Curie 2para value largely accounts for the R 2para value, which predominantly determines the R 2obs values of the signals of deoxyMb. Analysis of the R Curie 2para contribution to the signals of deoxyMb, through the third term of equation (14), was useful for estimating the t r value of Mb. Values of B30 ns were obtained for the t r value, these values being larger compared with those reported previously, that is, B20 ns. [22] [23] [24] The t r value estimated on 7-F signal exhibited larger deviation from the previously reported values than that on 3-F one, and hence the magnitude of the overestimation of the t r value using the present method could be related to the paramagnetic shifts of the signals. The observed paramagnetic shift is the sum of both contact and pseudo-contact shifts due to delocalization of unpaired electrons and magnetic anisotropy arising from unpaired electrons at heme Fe, respectively, and the separation of the two signals of a given paramagnetic Mb is attributed largely to the difference in the contact shift between them. The contact shift of the 3-F(or 7-F) signal is determined by the unpaired electron density in the p z (p p ) orbital of the pyrrole carbon atom to which the fluorine atom is attached, and hence the separation of the two signals is likely to reflect the non-equivalence in electronic nature between the two F-C bonds. Consequently, the larger separation of the two signals for deoxyMb than MbCO (Table 1) suggested that the Field-dependent 19 F NMR of paramagnetic myoglobin Y Yamamoto et al non-equivalence in electronic environment between 3-F and 7-F in the former is larger than that in the latter. These results suggested a difference in electronic nature of 3(or 7)-F-C bond between the two Mb complexes, which in turn influences the R CSA 2dia value. Studies on reconstituted Mb possessing appropriate diamagnetic-model heme would be desirable to accurately estimate the R CSA 2dia value of deoxyMb. In addition, the precision in the determination of the t r value could be also improved by increasing the number of measurements at various field-strengths. On the basis of the estimated t r values, it could be at least concluded that 3,7-DF is dynamically fixed to the Mb protein, as has been demonstrated for hemes in various Mbs, 25, 26 and hence the present system is in the slow-motion regime, which holds o (Figure 3b) . Owing to the factor S 2 (S þ 1) 2 in Equation (14), the R Curie 2para value is expected to be larger by factors of 64 and 136 in deoxyMb (S ¼ 2) and metMb (S ¼ 5/2), respectively, relative to that in MbCN À (S ¼ 1/2), at a given field strength. On the basis of the R Curie 2para value of 1490±660 s À1 obtained for deoxyMb at 9.4 T, the value for MbCN À was calculated to be B23 s À1 at the same field strength, which accounts for the line width of B7 Hz for the signals, confirming that the R Curie 2para contribution is negligibly small for the R 2para value of the S ¼ 1/2 system, as has been described previously. 6 Furthermore, abolition of the higher sensitivity of spectral measurements at higher magnetic field strength caused by the considerable broadening of the signals owing to the increased R Curie 2para contribution with increasing field strength was demonstrated for high-spin systems. Hence, spectral measurements of the proteins with large S values, such as deoxyMb and metMb, at higher magnetic field strength cannot make use of the benefits of high sensitivity and resolution, because of the considerable broadening of their signals owing to sharp increases in the R CSA 2dia and R Curie 2para contributions to spin-spin relaxation rate with increasing field strength (Figure 3b ). Consequently, in order to record the spectra of paramagnetic molecules with better sensitivity and resolution, the magnetic field strength used for the measurements needs to be optimized according to their magnetic and dynamic properties. Table 2 . e The difference between the Curie spin relaxation contributions to the transverse relaxation rate at two magnetic field strengths, obtained by subtraction of the DR 2 CSA value from the DR 2 obs one. Field-dependent 19 
